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Using a non-selective broadband detection scheme we discovered an efficient mechanism of for- 
mation of ultracold Cs2 molecules in deeply bound levels (u = 1 — 9) of their electronic ground state 
X^E+. They are formed by a one-photon photoassociation of ultracold cesium atoms in a manifold 
of excited electronic states, followed by a two-step spontaneous emission cascade. We were able to 
form about 10^ — 10^ molecules per second in these low vibrational levels of the ground state. This 
detection scheme could be generalized to other molecular species for the systematic investigation of 
cold molecule formation mechanisms. 

PACS numbers: 32.80.Rm, 34.50.Rk, 33.20.Tp, 37.10.Vz 



The creation and the study of ensembles of cold 
and ultracold molecules attracts considerable attention 
[l|, 0, H, 0] ■ Slowing pre-existing molecules using for in- 
stance buffer-gas cooling or supersonic beam deceleration 
typically delivers molecules with a translational temper- 
ature down to a few millikelvins. The only way to pro- 
duce molecules with a temperature in the sub-millikelvin 
range relies on the association of ultracold atoms. In 
quantum degenerate gases a magneto-association step 
via Feshbach resonances 0] followed by an adiabatic 
population transfer was recently found very successful to 
form ultracold molecules in a single deeply bound level 
0, BQ- Besides, the photoassociation (PA) of ultracold 
atoms from a standard magneto-optical trap (MOT) is a 
well-known efficient process for the formation of ultracold 
molecules, with a rate as high as - 10^-10^ s^^ 0. The 
main drawback of the PA approach is the spread of the 
population over many vibrational levels with low binding 
energy. This can be partly circumvented via more elabo- 
rated schemes when the molecular electronic structure is 
well known enough. For instance, ultracold ground state 
K2 molecules created in the lowest vibrational level v = 



the PA state [18(, flux enhancement [l9|, or accidental 
matching of radial wave functions related to each step of 
the process 
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have been observed via a two-step PA scheme [Uj , while 
a sequence of a PA step followed by a further absorption- 
emission transfert have produced ultracold ground state 
RbCs molecules in w = as well [l2|- Ultracold LiCs 
molecules in the absolute ground state rovibrational level 
V = 0, J = have also been detected after a single PA 
step [13| . However in all these experiments the formation 
rate is limited to ~ 10"^ s^^ molecules in v = 0. 

Therefore a major challenge is to discover novel ex- 
perimental PA schemes which could produce ultracold 
ground state molecules in deeply-bound levels, ultimately 
in w = 0, J = 0. This is a considerable task, as such 
schemes could generally involve peculiarities of the elec- 
tronic structure of each individual molecular species: po- 
tential barrier [13, shape [3l or Feshbach 17 1 res- 
onances in the ground state, non-adiabatic couplings in 



In this letter, we demonstrate a general and systematic 
method to look for efficient ultracold molecule formation 
schemes based on PA, without knowing a priori the de- 
tails of the molecular structure. It is based on a detection 
procedure which does not select the population of a par- 
ticular bound level, in contrast with all previous exper- 
iments relying on a Resonantly-Enhanced Multi-Photon 
Ionization (REMPI) of the formed molecules [l3| • Apply- 
ing this technique on a cesium MOT, we discovered a PA 
process resulting in a high formation rate (^ 10^ s^^) of 
deeply-bound ground state molecules, down to the v ~ 1 
level. The mechanism is modeled by a single-photon PA 
step exciting coupled molecular states, followed by a two- 
step spontaneous emission cascade. 

PA of cold cesium atoms is achieved with a cw Ti- 
tanium:Sapphire laser (intensity 300 W.cm~^), pumped 
by an Argon-ion laser, exciting molecules which can de- 
cay by spontaneous emission into vibrational levels of the 
molecular ground state X^T,^, (hereafter referred to as 
X), or of the lowest triplet state a'^E+. In order to ob- 
serve deeply-bound molecules in the X state which could 
result from an a priori unknown mechanism, we set up 
a broadband REMPI detection through vibrational lev- 
els Vb of the spectroscopically known B^H^ excited state 
[2l] | (refereed to as the B state) . The two-photon transi- 
tion is induced by a pulsed dye laser (LDS751 dye, wave- 
length ~ 770 nm, pulse energy ^ 1 mJ, focused waist 
^ 500 fim) and by the pump laser (532 nm wavelength) 
as illustrated in Fig[T^. The formed CsJ ions arc then 
detected using a pair of microchanncl plates through a 
time-of-fiight mass spectrometer. 

The major advance of the present experiment com- 
pared to previous ones is the broadband detection of 
the formed ultracold molecules. We replaced the grat- 
ing in the pulsed dye laser cavity by a less dispersive 
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prism, which broadens its linewidth from ~ 0.05 cm~^ to 
~ 25 cm~^. We display in Fig[T]the results of a modeling 
of the ionization process, for both narrowband (panel b) 
and broadband (panel c) schemes. We assume that the 
ionization probability due to second (532 nm) photon is 
independent of the specific vb level, so that it is propor- 
tional to the population of this level induced by the first 
photon at 770 nm. The excitation probabilities of the 
vx levels toward the vb levels arc obtained from Franck- 
Condon factors computed for the experimentally known 
X and B potential curves 21, 2^, assuming a constant 
dipole transition moment. As expected, the narrowband 
ionization scheme allows the ionization of a single vx 
level at a given frequency (Fig[T)D). In contrast, the 
broadband scheme involves a laser pulse width of the or- 
der of the vibrational spacing of both the X and B states 
(up to 40 cm~^), so that many vibrational vx levels can 
be ionized in a single shot (FiglT]:). For instance, a laser 
pulse at - 11730 cm"! or at - 13000 cm would excite 
almost all molecules lying in vibrational levels vx > 37 
or vx < 70 respectively. 

Choosing the latter energy range for the broadband 
detection laser (~ 13000 cm~^) we scanned the PA laser 
frequency over a few wavenumbers below the 6s + 6p3/2 
dissociation limit. We discovered several intense PA lines 
labeled with crosses in Fig[21 revealing a large number of 
ultracold molecules formed in low [vx < 70) vibrational 
levels of the X state. These detected singlet molecules 
were present in our previous experiments performed in 
the same PA energy range (20| , but our previous narrow- 
band REMPI detection scheme (wavelength ~ 720 nm) 
was optimized to detect triplet a^S+ molecules, and 
therefore was blind for these singlet molecules (see lower 
spectrum of Fig. [2]). 

To determine precisely the internal state of these 
formed molecules we performed conventional REMPI 
spectra using a narrowband (DCM) dye laser (frequency 
627 nm, see Figllji). We fixed the PA laser energy 
on the most intense line of FigO (at 11730.1245 cm~^), 
about 2 cm~^ below the 6s -I- 6p3/2 asymptote. Then we 
scanned the ionization laser frequency to record the ion- 
ization spectrum of the ground state molecules excited 
through the intermediate C^n„ state (Fig[3]). Taking 
advantage of the spectroscopic knowledge of the X — C 
the lines were easily assigned to tran- 
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transitions 

sitions from ground state vibrational levels restricted to 
the range vx = 1 to vx = 9. Taking into account the 
efficiency of the detection [2^ , the ion signal corresponds 
to a cumulated formation rate for the vx < 10 molecules 
close to 10^ per second. 

In order to further investigate this novel efficient PA 
mechanism, we improved the PA signal of Fig. [2] by (i) 
performing a vibrational cooling step which accumulates 
the fx < 10 population into the sole vx — level [j^ . 
and (ii) by detecting these molecules using the narrow- 
band detection through the known transition between 




11000 



12000 



13000 



14000 



15000 



Ionization laser frequency (cm" ) 



FIG. 1: (a) REMPI detection scheme of deeply-bound ground 
state Cs2 molecules with a broad-band laser (770 nm and 
532 nm) via the B^TIt, state, and with a narrowband laser 
(627 nm) via the C^IIu state, (b) and (c) Comparison of 
transition probabilities (in level of grey) for the transitions at 
energy Ex-b between vibrational levels of the X (vx) and B 
states, for a laser linewidth of 0.05 cm~^ (b) and of 25cm~^ 
(c), with identical power (1 mj/pulse). The probability is put 
to unity for a saturated transition. 



X(wx = 0) and C{vc = 0). The PA spectroscopy per- 
formed under such conditions is depicted in Fig (4] Two 
series of lines separated by 9.2 GHz (i.e. the hyperfine 
structure of Cs(6si/2)) are visible. As the MOT mainly 
contains Cs(/ = 4) atoms, the intense lines correspond 
to PA of two Cs(/ = 4) atoms, and the weak lines to 
PA of one Cs(/ = 4) and one Cs(/ = 3) atom. This 
9.2 GHz line spacing rules out the possibility that the 
molecules are formed after a PA step with two identical 
photons, as this would induce a twice small spacing. Fur- 
thermore the scries of intense lines is easily assigned to 
a rotational progression with rotational quantum num- 
ber between J = 5 to 14. We fitted a rotational constant 
Bv = 0.01188(1) cm~^, corresponding to an approximate 
average internuclear distance -Re = {2^Bv)~^/^ — 8.73ao, 
where /i is the Cs2 reduced mass (ao = 0.0529177 nm). 
Thus this novel single-photon PA mechanism excites both 
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FIG. 2: Upper trace: CsJ ion spectrum recorded after scan- 
ning the frequency of the PA laser below the 6s + 6P3/2 dis- 
sociation limit, and using the broadband REMPI detection 
laser with energy around 13000 cm~^. The crosses label the 
previously unobserved PA lines. Lower trace: CsJ ion spec- 
trum obtained using the conventional narrowband REMPI 
detection [S^], displayed with an offset of 10 ions for clarity. 
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FIG. 3: CsJ ion count (left vertical axis) resulting from a 
narrowband REMPI detection (frequency ~ 627 nm). The 
PA laser energy is fixed at 11730.1245 cm~^ corresponding 
to the position of the most intense line marked with a cir- 
cled cross in Fig. [2] Transition labels vc — vx are extracted 
from computed Franck-Condon Factors (right vertical axis) 
between vibrational levels of the spectroscopically known C 
and X states. 



(Cs(/ = 4), Cs(/ = 4)) and (Cs(/ = 4), Cs(/ = 3)) 
ground state atom pairs, in a level located about 2 cm^^ 
below the 6s-|-6p3/2 asymptote, with a vibrational motion 
taking place mainly in the short distance range. Relying 
on theoretical Cs2 potential curves including spin-orbit 
(25l . [2^, we identified only one excited potential curve, 
belonging to the so-called Ig symmetry, as a good can- 
didate for the PA state. We depict the process as fol- 
lows: the PA laser excites the atom pair into a bound 



level of the lowest lg(6s -I- 6^3/2) long-range potential 
curve (curve 1 in Fig [5]), which is coupled at short dis- 
tances to the lowest lg(6s-t- 6(^5/2) potential curve (curve 
4 in FiglS]), through several avoided crossings induced by 
spin-orbit interaction. The v = level of the curve 4 is 
predicted with an energy very close to the 6s + 6^3/2 dis- 
sociation energy. It is most probably the only populated 
short-range level in this mechanism, which then decays 
down to the X ground state through a two-photon spon- 
taneous emission cascade via the 0+ potentials. Note 
that the spontaneous decay cannot proceed down to the 
levels of the a^I]+ state, as the average distance 8.73ao 
corresponds to the range of the repulsive wall so that 
only dissociating pairs could be formed. Finally, it is 
worthwhile to mention that a similar situation involving 
internal couplings has already been demonstrated for the 
0^ molecular symmetry in Cs2 . 
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FIG. 4: Same as Fig. [2] with an additional vibrational cool- 
ing step CsJ ions are detected with a narrowband laser 
(wavenumber 15941 cm~^) tuned to resonance with the tran- 
sition {vx = 0) ^ {vc = 0). An intense series and a weak 
rotational series, separated by 9.2 GHz have been fitted, as- 
signing the lines to J = 5 to 14. Extrapolated line positions 
for J = to 4 are also displayed. 



To investigate the reason for the high values of the 
rotational quantum number, up to J = 14, of the PA 
molecules we turned off the MOT lasers 2 ms before 
switching on the PA laser, and while the PA laser was 
on (1 ms). We observed no change in the PA spectrum. 
This demonstrates that the MOT lasers (both trapping 
and repumping ones) do not bring additional angular mo- 
mentum into the process, in contrast to previous obser- 
vations in sodium PA (up to J = 22) [27|, or in cesium 
PA (up to J = 8) [2^ . Such high J values are probably 
induced by the large hyperfine structure of the long-range 



lg{6s + 6^3/2) state 



. A strong mixing between hy- 
perfine and rotational structure is expected, just like in 
the well studied l„(6s 4- 6^3/2) Cs2 molecular state p9| . 
The lg(6s -|- 6P3/2) levels are characterized by a value of 
the total angular momentum F = J -I- I, where I is the 
total nuclear angular momentum (/ < 7) of a cesium 
atom pair. The PA excitation of non-rotating ground 
state atom pairs, which takes place at large distances. 
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creates a strongly mixed hyperfine-rotational level of the 
lg(6s + 6^3/2) state with F ^ I < 7. Due to the high 
density of levels near the dissociation threshold, this PA 
level can be efficiently coupled to several rotational states 
of the V = level of the internal lg(6s + 6^5/2) potential 
curve. The rotational angular momentum J = F — I can 
reach eigenvalues up to J = 14 or more. The abrupt cut- 
off of the observed rotational series at J = f 4 in Fig[4] 
occurs as the next rotational levels lie above the 6s +6^3/2 
dissociation limit. 




FIG. 5: Theoretical Cs2 molecular potential curves includ- 
ing spin-orbit [25l , [2^ , relevant for the present PA and cold 
molecule formation process. The PA laser excites levels of a 
long-range Ig curve (label 1), which is coupled to the v = 
level of the short range Ig curve (label 4) through several 
avoided crossings involving Ig curves labeled 2 and 3. Forma- 
tion of deeply-bound ground state molecule proceed through 
a spontaneous emission cascade via the 0^ states. 

In this paper we demonstrated the ability of a new 
broadband ionization procedure to detect most of the 
bound ground state molecules formed in a cold gas. This 
approach, combined with PA in excited electronic states, 
provides a general method for the search of novel paths 
for formation of cold molecules. Applied to a Cs MOT, 
this novel approach allowed us to detect deeply bound 
Cs2 molecules in the X^I]+ state. Combined with our 
recently demonstrated optical pumping technique using 
a tailored broadband light source, we were able to form 
about 10^ — 10^ molecules per second in the v = level of 
the ground state [l^]. The simplicity of the experiment 
(one-step photoassociation) contrasts with the complex- 
ity of the interpretation of the photoassociation process 
which involves, rotational, hypcrfine and spin-orbit cou- 
pling of four potential curves. The formation process also 
revealed an unexpected two-photon spontaneous emis- 
sion cascade responsible for the molecule formation. This 
scheme opens the possibility, to stimulate the first photon 
of the cascade to enhance the cold molecules formation 
rate. In the future such molecules could be accumulated 
in an optical trap to study coUisional processes between 



cold atoms and molecules in or der to assess the efficiency 
of evaporative cooling, or to investigate ways for achiev- 
ing controlled chemistry or observing dipolar interactions 
in ultracold gases. 
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